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Abstract. Synthesis and characterization of Ti20Zr20Cu60−xNix (x = 10, 20, 30 and 40) metallic glasses are reported
in this paper. Glassy ribbons are produced by rapid quenching using the standard copper wheel roller technique in argon
atmosphere. Their structural characterization is carried out by X-ray diffraction (XRD) and thermal behaviour (crystalliza-
tion) study by differential scanning calorimetry (DSC). Results of XRD on both sides of each ribbon sample confirmed
that each sample was indeed amorphous/glassy as only a very broad peak in XRD pattern was observed. Metallic glass
Ti20Zr20Cu50Ni10 shows three crystallization peaks in non-isothermal DSC scans while other three samples show only a
single crystallization peak. The activation energy of crystallization for each sample has been calculated using three available
models, namely, those of Kissinger, Augis–Bennett and Ozawa. All the three models gave nearly similar activation energies
for a given sample within 10%.
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1. Introduction
Metallic glasses of various compositions have been prepared
since a few decades in the ribbon form and their use is
well documented in various engineering applications [1–5].
However, now it is established that a number of complex
alloys in the bulk form can be prepared in the glassy state
using conventional ingot casting method by rapid quench-
ing. These complex alloys may contain some of Ti, Zr, Hf,
Mg, La, Cu, Fe, Ni, Pd and Pt metals. Ti-based bulk metal-
lic glasses (BMGs) have been prepared and have received
much attention as they seem to be important materials, which
could be used for structural components for various appli-
cations as they are of relatively low weight and have high
strength [6,7]. Many of these Ti-based metallic glasses show
good glass-forming ability and superior mechanical prop-
erties but have low ductility [8–10]. Some of these alloys
are being used for brazing purposes as the glassy/amorphous
nature seems to accelerate atomic diffusion and surface reac-
tion at high temperatures required for brazing. Further, the
brazing temperatures normally are lower for glassy materi-
als than those for polycrystalline materials. With a view to
produce a Ti-based metallic glass system, which could be
used to braze joints with Ti-alloy, we have prepared Ti–Zr–
Cu–Ni-based metallic glasses in ribbon form and studied their
properties and brazing effectiveness [11–15]. In this paper we
report preparation and characterization of Ti20Zr20Cu60−xNix
(x = 10, 20, 30 and 40) by X-ray and differential scanning
calorimetry (DSC) to study thermal stability. Other properties
and brazing results will be presented in later papers.
2. Experimental
Amorphous ribbons of Ti20Zr20Cu60−xNix (x= 10, 20, 30 and
40) alloys were prepared by a single-roller melt-spinning tech-
nique in an argon gas atmosphere. Ingots of polycrystalline
alloys were prepared by induction melting of 99.99% pure Ti,
99.8% pure Zr, 99.999% pure Cu and 99.97% pure Ni on a
water-cooled copper boat in a Ti-gettered argon atmosphere.
The weight loss of each sample was less than 0.1% during the
alloying process. Thus, the compositions of the alloys did not
change significantly after melting. The alloy ingots were then
re-melted in vacuum in a quartz tube using an RF induction
coil and then injected into a rotating copper wheel in pure
argon at about 1 atm pressure, producing thick ribbons of
approximately 1 cm width and about 50µm thicknesses. The
crystalline/amorphous nature of the ribbons was examined by
X-ray diffraction (XRD) using a Bruker Model NoD8 X-ray
machine with Cu Kα radiation source (λ = 15.4 nm). The
X-ray tube was operated at 45 kV and 40 mA in a step-scan
mode with a step width of 0.035◦ and a sampling time of 7 s
per step. The thermal behaviour of each sample was investi-
gated using a Differential Scanning Calorimeter, Model 821
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Figure 1. XRD spectra of the Ti20Zr20Cu60−xNix (x = 10, 20, 30
and 40) metallic glasses.
of METTLER-Toledo make, using non-isothermal DSC runs
(in Ar flow) between room temperature (RT) and 650◦C. Four
different heating rates, i.e., 10, 20, 30 and 40 K min−1, were
used for the DSC runs.
3. Results and discussion
The characterization of each sample was done by taking XRD
pattern on both sides of the ribbon to determine whether it had
a glassy structure or not. Crystallization studies were done
using non-isothermal DSC runs. DSC results were analysed
using some available theoretical models to obtain activation
energies for each sample.
3.1 XRD
The XRD patterns of all the samples are shown in figure 1.
As seen from figure 1, the XRD pattern of each sample shows
a very broad peak and shows no sharp peak. This observation
confirms that each sample is glassy or has glassy nature. A
characteristic broad hump of nearly equal width over 2θ =
35−45◦ is observed for each sample, indicating that the short
range order may be nearly the same for each sample.
3.2 Thermal behaviour/DSC results
Non-isothermal DSC runs were performed using four heat-
ing rates, as mentioned earlier. They were 10, 20, 30 and
40 K min−1. Approximately 8–10 mg of each sample was
used for each DSC run using aluminium pans. Argon gas
was made to flow in the experimental chamber during each
run. Figures 2, 3, 4 and 5 show the DSC thermograms for
Ti20Zr20Cu60−xNix (x = 10, 20, 30 and 40) metallic glass
samples. These thermograms consist of an exothermic peak
or multiple peaks depending on the crystallization behaviour.
Figure 2. DSC thermograms of Ti20Zr20Cu50Ni10 metallic glass
at different heating rates.
Figure 3. DSC thermograms of Ti20Zr20Cu40Ni20 metallic glass
at different heating rates.
There was no observation of glass transition temperature for
any of the samples within instrumental error, which is usually
seen as a change in slope of the base line.
There are two characteristic temperatures involved in these
runs. The temperature at which the crystallization process is
initiated is denoted by Tx . This is determined by observing
when the peak just starts evolving. The temperature at which
the exothermic signal reaches maximum is denoted by Tp, the
so-called peak temperature. Both of these two temperatures
were clearly identifiable for all the heating rates. Figure 2
shows three exothermic peaks for x = 10 sample, the first
one (lowest temperature) is sharper than the second one and
the third peak is really broad. All other samples (x = 20−40)
show only a single exothermic peak, which is much sharper
than the first peak observed for x = 10. The results for x = 10
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Figure 4. DSC thermograms of Ti20Zr20Cu30Ni30 metallic glass
at different heating rates.
Figure 5. DSC thermograms of Ti20Zr20Cu20Ni40 metallic glass
at different heating rates.
sample show that it has partial crystallization first, followed
by second and third crystallization steps.
The second peak for x = 10 sample overlaps with the first
peak (the end of first peak and the start of second peak), indi-
cating that before the first step of the crystallization gets over,
the second step of crystallization starts. The crystallization
for all other samples takes place in one step and it is fast (the
peak width is smaller; its FWHM is ∼4 K). Values of Tx and
Tp for these samples are given in table 1, 2, 3 and 4. These
temperatures have an accuracy of ±5 K except for the third
peak for x = 10 sample, where error may be more as the peak
is rather broad. It is observed that these temperatures increase
with increase in the heating rate, which is normally observed
for all metallic glasses.
The analysis result of the growth process of the first peak
in figure 2 is slower than the observed for other samples,
Table 1. Variation of peak temperatures as a function of heating
rate for Ti20Zr20Cu50Ni10 metallic glass.
Heating rate (K min−1)
Ti20Zr20Cu50Ni10
Tx (K) Tp1 (K) Tp2 (K) Tp3 (K)
10 755 771 789 831
20 771 778 798 835
30 775 784 803 840
40 780 788 807 842
Table 2. Variation of peak temperatures as a function of heating
rate for Ti20Zr20Cu40Ni20 metallic glass.
Heating rate (K min−1)
Ti20Zr20Cu40Ni20





Table 3. Variation of peak temperatures as a function of heating
rate for Ti20Zr20Cu30Ni30 metallic glass.
Heating rate (K min−1)
Ti20Zr20Cu30Ni30





Table 4. Variations of peak temperatures as a function of heating
rate for Ti20Zr20Cu20Ni40 metallic glass.
Heating rate (K min−1)
Ti20Zr20Cu20Ni40





where the rise of the peak is relatively sharper. Multiple
crystallization peaks have been observed in many metallic
glasses. It simply shows that some of the elements in the glass
form crystals during the first crystallization while some parts
of the sample still remain in the glassy state. As the tempera-
ture increases, other components in the glass also crystallize.
The first crystallization peak for x = 10 sample is rela-
tively sharper than the second and third crystallization peaks,
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Figure 6. ln(O/T 2p ) vs. (1000/Tp) of Ti20Zr20Cu60−xNix (x = 10, 20, 30 and 40) metallic glasses for the first, second and third
crystallization events.
which indicates the formation of nuclei and their growth at a
relatively higher rate at the first peak when compared with
other two peaks. Another observation is that for x = 10 sam-
ple, for the heating rate 10 K min−1, Tp1 − Tx is 16 K, but for
other heating rates it is ∼8 K.
3.3 Activation energy calculation
Metallic glasses are in a metastable state; therefore, given
enough energy, they tend to move to the lower energy state,
that is, the crystallized state. The energy required to do this is
termed as the activation energy. There are a number of models
to calculate this energy. The most widely used and the oldest
one is the Kissinger model [16]. Other models were proposed
later. In the analysis of afore-mentioned DSC data, we have
used three widely used models, namely, those proposed by
Kissinger [16], Augis and Bennett [17] and Ozawa [18] to
determine the activation energies and to see if there are large
differences between the results or not.
3.3a Kissinger model: The most commonly used model
to analyse the activation energy of both crystallization event
and glass transition is the Kissinger model. According to this
model, a homogeneous reaction follows the first-order rate
equation given by
(dx/dt) = K (1 − x),
where x is the amount of a material transformed and K is
a constant. Kissinger showed that the activation energy of
such a transformation can be determined by DTA in differ-
ent heating runs. Kissinger derived the following equation,
which relates the heating rate, the peak temperature and the
activation energy observed in DTA runs:
ln(−Φ/T 2p ) = −Ec/(RTp) + constant, (1)
where Φ is the heating rate, Tp is the peak temperature
at heating rate Φ and Ec is the activation energy of the
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Table 5. Activation energies (Ec) for crystallization of Ti20Zr20Cu60−xNix (x = 10,
20, 30 and 40) metallic glasses (using Kissinger model).
Composition
Activation energy for the crystallization process
by Kissinger method (kJ mol−1)
1st peak 2nd peak 3rd peak
Ti20Zr20Cu50Ni10 395 396 681
Ti20Zr20Cu40Ni20 349 — —
Ti20Zr20Cu30Ni30 394 — —
Ti20Zr20Cu20Ni40 416 — —
Figure 7. ln(O/Tp) vs. (1000/Tp) of Ti20Zr20Cu60−xNix (x = 10, 20, 30 and 40) metallic glasses.
reaction/transformation. The validity of this equation has been
tested over the years and especially in case of crystallization
of metallic glasses studied by both DTA and DSC. A plot of
ln(−Φ/T 2p ) vs. 1000/Tp should give a straight line. The slope
of this straight line is equal to (−Ec/R). Plots of ln(−Φ/T 2p )
vs. 1000/Tp for all the samples are shown in figure 6. The
best straight line fits of the experimental data to equation (1)
for each sample are also shown in figure 6. The activation
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Table 6. Activation energies (Ec) for crystallization of the Ti20Zr20Cu60−xNix (x =
10, 20, 30 and 40) metallic glasses (from Augis and Bennett model).
Composition
Activation energy for the crystallization process
by Augis & Bennett method (kJ mol−1)
1st peak 2nd peak 3nd peak
Ti20Zr20Cu50Ni10 401 403 688
Ti20Zr20Cu40Ni20 355 — —
Ti20Zr20Cu30Ni30 401 — —
Ti20Zr20Cu20Ni40 422 — —
Figure 8. Plots of ln(O) vs. (1000/Tp) of Ti20Zr20Cu60−xNix (x = 10, 20, 30 and 40) metallic glasses.
energies for crystallizations for all the samples are evaluated
from the slopes of these best fitted lines and they are presented
in table 5. For Ti20Zr20Cu50Ni10 metallic glass the activation
energies for the 1st, 2nd and 3rd peaks were calculated to be
395, 396 and 681 kJ mol−1, respectively.
From table 5, it is observed that there is no systemic varia-
tion of the activation energy as a function of Ni in the samples.
The activation energy for the first peak for x = 10 sample is
higher than that of x = 20, and it increases for samples with
x = 20 − 40.
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Table 7. Activation energies (Ec) for crystallization of the Ti20Zr20Cu60−xNix (x =
10, 20, 30 and 40) metallic glasses (from Ozawa model).
Composition
Activation energy for the crystallization process
by Ozawa method (kJ mol−1)
1st peak 2nd peak 3nd peak
Ti20Zr20Cu50Ni10 408 410 695
Ti20Zr20Cu40Ni20 361 — —
Ti20Zr20Cu30Ni30 407 — —
Ti20Zr20Cu20Ni40 429 — —
3.3b Augis and Bennett model: Kissinger’s method or
model to calculate activation energy assumes homogeneous
reaction following first-order kinetics as explained earlier.
Augis and Bennett [17] have extended the Kissinger’s model
applicable to heterogeneous reactions following the Avrami
expression [19–21]:
x = 1 − exp[(−kt)n],
where n is a dimensionless exponent; k has the dimensions of
reaction rate given by
k = Koexp(−Ec/RT ),
where Ko is a constant (a frequency factor). Using this
approach, they derived the following formula:
ln[Φ/(Tp − To)] = −(Ec/RT p) + constant,
where To is the initial temperature and the furnace temperature
is varied as
T = To + αt,
where t is the time. Since To is RT, it is much smaller than Tp;
it is neglected and the Augis–Bennett expression is approxi-
mated to
ln(Φ/Tp) = −(Ec/RT p) + constant.
This expression is used to plot ln(Φ/Tp) vs. 1000/Tp for all
the samples and these plots are shown in figure 7; ln(Φ/Tp)
vs. 1000/Tp data are fitted to a straight line. The slopes of the
straight lines are used to calculate the activation energies for
various samples, which are listed in table 6.
3.3c Ozawamodel: Similarly, Ozawa modified the Kissin-
ger method to obtain the following relation [18]:
ln(Φ) = −(Ec/RT p) + constant.
Figure 9. Plot of Ec values for the first peak obtained by various
methods vs. Ni concentration %).
Thus, the experimental data, ln(Φ) vs. 1000/Tp, are
plotted for all the samples, which are shown in figure 8. The
data are best fitted to a straight line and the activation energies
for all the samples are calculated using a procedure similar to
that described earlier. These activation energies are listed in
table 7.
It is observed that the activation energy for the first peak
of x = 10 sample is higher than that for x = 20 sample
in all the three models. It is also observed that all the three
models give nearly the same (within a few percent) activation
energy for a given sample. Therefore, it looks like one can
use any of these three models. However, the Kissinger model
has been widely used for calculating activation energies of
metallic glasses.
Figure 9 shows activation energy plot vs. Ni concentration.
It is observed that from x = 20 to x = 40, it is almost linear.
Of course, the activation energy for x = 10 does not fall
on this straight line [15]. The x = 10 sample behaviour is
certainly different from those of other samples as it has three
crystallization peaks while other samples have only one peak.
One may have to look at the microstructure of these samples
more carefully to figure out the reason for this deviation.
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4. Conclusions
Ti20Zr20Cu60−xNix (x = 10, 20, 30 and 40) samples were
produced in the ribbon form by a rapid quenching tech-
nique. XRD on all the samples confirmed their glassy nature.
The crystallization studies of Ti20Zr20Cu60−xNix (x = 10,
20, 30 and 40) metallic glasses have been carried out by
the non-isothermal DSC technique. Three theoretical mod-
els, proposed by Kissinger, Augis and Bennett, and Ozawa,
have been used to analyse the DSC data to obtain acti-
vation energies of all the samples. The activation energies
of these samples lie between ∼350 and 425 kJ mol−1. The
metallic glasses with x = 20, 30 and 40 show a single
crystallization peak, while the one with x = 10 shows
three crystallization peaks. The activation energy (Ec) for
the first crystallization of x = 10 is observed to be higher
than those for other samples. Activation energies for x =
20, 30 and 40 show almost a linear behaviour with x (Ni
concentration).
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